Fine-fraction aerosol samples were collected, air pollutants and meteorological 9 properties were measured in-situ in regional background environment of the Carpathian Basin, 10 a suburban area and central part of its largest city, Budapest in each season for 1 year-long time 11 interval. The samples were analysed for PM2.5 mass, organic carbon (OC), elemental carbon 12 (EC), water-soluble OC (WSOC), radiocarbon, levoglucosan (LVG) and its stereoisomers, and 13 some chemical elements. Carbonaceous aerosol species made up 36% of the PM2.5 mass with 14 a modest seasonal variation and with a slightly increasing tendency from the regional 15 background to the city centre (from 32 to 39%). Coupled radiocarbon-LVG marker method 16 was applied to apportion the total carbon (TC=OC+EC) into contributions of EC and OC from 17 fossil fuel (FF) combustion (ECFF and OCFF, respectively), EC and OC from biomass burning 18 (BB) (ECBB and OCBB, respectively) and OC from biogenic sources (OCBIO). Fossil fuel 19 combustion showed rather constant daily or seasonal mean contributions (of 35%) to the TC in 20 the whole year in all atmospheric environments, while the daily contributions of BB and 21 biogenic sources changed radically (from <2 up to 70-85%) over the seasons at all locations.
1 Introduction and objectives 34 Carbonaceous aerosol constituents make up a major part (e.g. 20-60% in the continental mid- 35 latitudes and up to 90% in tropical forests) of the PM2.5 mass (Kanakidou et al., 2005; Fuzzi et 36 al., 2015) . Their largest emission or production source types are fossil fuel (FF) combustion, (N 47 28' 30'', 152 E 19 03' 45'', 115 m a.s.l.) . The latter site is situated on the bank of the Danube and represents 153 a well-mixed average atmosphere of the city centre (Salma et al., 2016a) . Some details of the 154 sampling campaign are summarised in Table 1 . 155 156 The aerosol sampling was realised by three identical high-volume DHA-80 devices equipped Total particle number concentrations (N6-1000) were derived from a differential mobility particle 169 sizer (DMPS) system with a time resolution of 8 min (Salma et al., 2019) . The DMPS Network. For the regional background and suburban area, they were measured directly at the 174 sampling sites, while for the city centre, the pollutants were recorded in a distance of 4.5 km 175 in the upwind prevailing direction from the sampling site. The concentrations are measured by 176 UV fluorescence (Ysselbach 43C), chemiluminescence (Thermo 42C), IR absorption (Thermo 177 48i), UV absorption (Ysselbach 49C) and beta-ray attenuation methods (Thermo FH62-I-R), 178 respectively with a time resolution of 1 h. Local meteorological data including air temperature 179 (T), relative humidity (RH), wind speed (WS) and global solar electromagnetic radiation 180 (GRad) were acquired by standardised meteorological methods at the sites with a time 181 resolution of 10 min. According to our knowledge, there were no extensive agricultural burns 182 or wild fires in the basin during to the actual sampling time intervals, and the BB in the area is 183 expected to be dominated by biofuel utilisation. The PM mass was determined by weighing each filter before and after the sampling on a 186 microbalance with a sensitivity of 1 g. The exposed and blank filters were pre-equilibrated 187 before weighing at a T of 19-21°C and RH of 45-50% for at least 48 hours. The measured 188 mass data for the exposed filters were corrected for the field blank values. A few PM mass data 189 https://doi.org/10.5194/acp-2019-792 Preprint. Discussion started: 20 November 2019 c Author(s) 2019. CC BY 4.0 License.
were below the limit of quantitation (LOQ), which was approximately 6 µg m -3 or above but 190 very close to it.
192
One or two punches with an area of 1.0 or 1.5 cm 2 each of the filters were directly analysed by 193 thermal-optical transmission (TOT) method (Birch and Cary, 1996) One or two sections with an area of 2.5 cm 2 each of the filters were extracted in water, the 200 extracts were filtered, and the filtrates were analysed for WSOC by a Vario TOC cube analyser 201 (Elementar, Germany) in three repetitions with an injected volume of 1 ml each. The measured 202 WSOC data for the exposed filters were corrected for the field blank values. All measured 203 WSOC data were above the LOQ, which was ca. 0.08 µg m -3 .
205
A section with an area of 2 cm 2 of each filter was analysed for LVG, MAN and GAN by gas Filters collected in parallel on seven overlapping days in each season were subjected to C 221 isotope analysis of the TC content by accelerator mass spectrometry (AMS) with an off-line 222 combustion system (Molnár et al., 2013; Janovics et al., 2018) . Carbonaceous aerosol species on eighth section of each filter were oxidised quantitatively to CO2 gas (Major et al., 2018) .
224
This was later introduced into an IonPlus Enviro Mini Carbon Dating System spectrometer 225 (Switzerland) via its dedicated gas ion source interface. The measured results for the exposed 226 filters were corrected for the blank values. The 14 C/ 12 C ratios were also corrected for isotopic 227 fractionation by using the 13 C/ 12 C ratios (Wacker et al., 2010) that were obtained 228 simultaneously in the actual AMS measurements. The 14 C/ 12 C isotope ratios derived were also 229 normalised to that of the oxalic acid II 4990C standard reference material (NIST, USA), and 230 the measurement results were expressed as fraction of modern carbon (fm), which denotes the 231 14 C/ 12 C ratio of the samples relative to that of the unperturbed atmosphere in the reference year 232 of 1950 (Burr and Jull, 2009 ). Since majority of currently combusted fuel wood was growing 233 during the interval of atmospheric nuclear fusion bomb tests in the late 1950s and early 1960s, 234 the samples were corrected by a mean factor of 1.08 derived for the Northern Hemisphere 235 (Szidat et al., 2009; Heal et al., 2011) . Thus, the fraction of contemporary carbon (fc) was 236 calculated as fc=fm/1.08. The same correction factor was also adopted for the TC from biogenic 237 sources, although it is expected to show a somewhat smaller 14 C abundance. The differences 238 in the fc caused by the refined correction factor are ordinarily small when compared to the 239 method uncertainties (Minguillón et al., 2011) and, therefore, this effect was neglected. Concentrations of organic matter (OM) were derived from the OC data by a conversion factor 251 of 1.4 for the regional background and suburban area, and of 1.6 suggested for the city centres 252 (Turpin and Lim, 2001; Russell, 2003) . It was estimated that the relative uncertainty associated 253 with the conversion is approximately 30% (Maenhaut et al., 2012) . Whenever it was possible, The coupled radiocarbon-LVG marker method was utilised to apportion the TC among the 260 ECFF, OCFF, ECBB, OCBB and OCBIO (Salma et al., 2017 (Salma et al., 2017) . For the (EC/OC)BB ratio, we implemented a mean of 17% 269 derived from a critically evaluated ratio and standard deviation (SD) of (16±5)% (Szidat et al., 270 2006) and from a ratio and SD of (18±4)% (Bernardoni et al., 2011 (Bernardoni et al., , 2013 obtained specifically 271 for wood burning. As far as the (OC/LVG)BB ratio is concerned, its actual value depends 272 predominantly on the wood types and burning conditions (Puxbaum et al., 2007) . In the present 273 study, an (OC/LVG)BB ratio of 5.59 was adopted (Schmidl et al., 2008) . The mean 274 apportionment factors separately for the different site types and seasons are summarised in 275 including coupled meteorological and chemical processes need to be overviewed before 282 interpreting the spatial and temporal variability and tendencies in aerosol properties. 
Differences and similarities among atmospheric environments and seasons 284
The median concentrations of SO2, NO, NO2 and PM10 mass over the sampling time intervals 285 were larger in the city centre than in the suburban area in all seasons ( Table S2 in mostly due to the increased intensity and density of road traffic. In contrast, the O3 level was 288 substantially higher in the suburban area than in the city centre and considerably larger in the 289 regional background that in the suburban area. It tended to show a maximum in summer. This 290 behaviour is typical for large-scale O3 formation mechanism. This all implies that there were 291 substantial differences in photochemical activity between the regional background and the 292 urban sites except for summer.
294
The meteorological data over the sampling time intervals are in accordance with ordinary 295 values and denote weather situations without extremes ( Table S3 in the strongest link in winter. It can likely be explained by the common effects of regional 308 meteorologyparticularly of boundary layer mixing heightin the Carpathian Basin 309 especially under anticyclonic weather situations. It seems that the daily evolution of the 310 regional meteorology and partially, the long-range transport of air masses often have higher 311 influence on the changes in atmospheric concentrations than the source intensities if the sources 312 are distributed over a large area (Salma et al., 2001 (Salma et al., , 2004 363 Median atmospheric concentrations of the measured aerosol constituents separately for the 364 different environmental types and seasons are presented in Table 2 . The concentrations are in 365 line with or somewhat smaller than the corresponding results obtained in earlier studies at the 366 same or similar locations usually for shorter time intervals (Salma and Maenhaut, 2006; Kiss 367 et al., 2002; Salma et al., 2004 Salma et al., , 2007 Salma et al., , 2013 Salma et al., , 2017 Ion et al., 2005; Maenhaut et al., 2005 Maenhaut et al., , 2008  368 https://doi.org/10.5194/acp-2019-792 Preprint. Discussion started: 20 November 2019 c Author(s) 2019. CC BY 4.0 License. Puxbaum et al., 2007; Blumberger et al., 2019) . The PM2.5 mass and OC concentrations in the 369 city centre were larger by a mean factor of 1.6−1.7 than in the regional background, while they 370 were similar to the suburban data. Their winter values were usually the largest, and they 371 reached the minimum in summer or spring.
Tendencies in aerosol concentrations

373
The concentrations of EC increased monotonically in the order of the environments: regional 374 background, suburban area and city centre location by typical factors of 2 and 3, respectively.
375
In the regional background, the EC data for autumn and winter were similar to each other and 376 they were the largest. In the suburban area, the EC data showed a maximum in winter and a 377 minimum in summer. In the city centre, the EC levels in autumn, winter and spring were similar 378 to each other, and they all showed a minimum in summer. These can be explained by larger 379 intensity of soot emissions from incomplete burning (road vehicles, residential heating and 380 cooking by solid fuel), which is a typical anthropogenic source, and which is associated with 381 seasonal variation (e.g. due to residential heating) as well as with constant sources (e.g. due to 382 traffic or cooking) over a year.
384
The WSOC showed maximum medians in winter at all sites. In autumn and summer, the urban 385 locations had similar concentrations to each other, while it was somewhat smaller in the 386 regional background. In winter, the suburban site exhibited the maximum median 387 concentration. This is explained by larger influence of BB in this environment and season and 388 by higher water solubility of its products (see later and Sects. 3.3 and 3.5). In spring, the 389 medians had a monotonically increasing tendency from the regional background to the city 390 centre. The mean atmospheric concentrations of the monosaccharide anhydrides were decreasing in 400 the order of LVG, MAN and GAN. The concentrations of LVG were larger by ca. 1 order of 401 magnitude than for the joint concentrations of MAN and GAN. Their mean ratio was the largest 402 in winter and the smallest in autumn. This could be affected by the share of hardwood burnt in 403 different seasons (Fine et al., 2004; Schmidl et al., 2008; Maenhaut et al., 2012) . The LVG 404 concentration did not vary monotonically with respect to the sites; it was larger in the city 405 centre by a factor of 1.7 than in the regional background and was smaller by approximately 406 20% than in the suburban area. This could be related to the spatial distribution of biofuel 407 utilisation mainly for residential heating and to atmospheric dispersion of their emission 408 products in the different environments. into the ambient air (in particular from labelled inorganic compounds such as NaHCO3). These 415 three data were regarded to be outliers and were excluded from the further evaluation. The 416 centre/suburb fc ratio in autumn, however, remained still somewhat higher (1.15) with respect 417 to the other seasons (for which the ratios were uniformly 1.00). This indicates that the 418 anthropogenic 14 C contamination could lightly affect the remaining analytical results as well.
419
Its consequences on the source apportionment are discussed in Sect. 3.5. In autumn and winter, 420 the mean centre/suburb, centre/region and suburb/region ratios were similar to each other (with 421 an overall mean and SD of 1.02±0.10) at all sites, while in spring and summer; they decreased 422 in the order of the ratios above with means and SDs of 1.04±0.20, 0.82±0.13 and 0.80±0.15, 423 respectively. These tendencies are governed by carbonaceous matter of different origin.
425
The concentrations of K in autumn, winter and spring increased monotonically for the regional 426 background, suburb area and city centre. They showed a maximum in winter. Its concentrations 427 were the smallest in summer and exhibited an opposite tendency as far as the location types are 428 concerned, thus they decreased monotonically for the sites listed above. The concentrations of 429 Ni were similar to each other without any evident tendency. Except for its concentrations in 430 spring, which seemed to be the largest. The concentration of Pb showed an increasing tendency 431 from the regional background to the urban sites. The present data are smaller than the median 432 levels of 16 ng m −3 in the city centre and of 9 ng m −3 in the near-city background measured in with its overall decreasing trend (Salma and Maenhaut, 2006; Salma et al., 2000) .
436
The particle number concentrations in the city centre were 1 order of magnitude larger than in 437 the regional background. This is explained by the spatial distribution of their main sources and 438 by the relatively short atmospheric residence time of ultrafine particles (Salma et al., 2011) .
439
The latter property also causes that there are larger variations in their atmospheric 440 concentrations, which implies that the present measurement (sampling) time intervals are not 441 long enough for reliable conclusions on tendencies. 443 Mean values and SDs of some important concentration ratios separately for the different 444 environments and seasons are shown in Table 3 . The PM2.5/PM10 mass ratio exhibited strong 445 seasonal dependency. In spring and summer, the PM10-PM2.5 fraction particles (coarse mode) 446 made up approximately 2/3 of the particulate mass, while in autumn and perhaps also in winter, 447 the PM2.5 mass prevailed with a similar ratio. These imply and confirm that in spring and 448 summer, the suspension or resuspension of soil, crustal rock, mineral and roadside dust is 449 substantial in Budapest, while in autumn and winter, the aerosol mass levels are more 450 influenced by residential heating, cooking and road traffic (Salma and Maenhaut, 2006) .
Tendencies in concentration ratios
452
Contribution of the OM to the PM2.5 mass for the regional background, suburban area and city 453 centre showed little seasonal variation with annual means and SDs of (31±5)%, (32±6)% and 454 (35±7)%, respectively. These balanced contributions are in line with other European results 455 (Puxbaum et al., 2007; Putaud et al., 2010) , and indicate a huge number, big variety and 456 spatially more-or-less equally distributed sources of OC in the Carpathian Basin. The mean 457 contributions of EC to the PM2.5 mass were between 1 and 6%, with a minimum in the regional 458 background in summer. The contributions can change substantially in different 459 microenvironments within a city (e.g. 14% for a street canyon in central Budapest in spring; 460 Salma et al., 2004; Maenhaut et al., 2005) . The carbonaceous particles (OM+EC) in the respectively of the PM2.5 mass as annual means and SDs. Their seasonal means revealed limited 463 variability (except for the city centre, where it changed from 33% in winter to 48% in summer).
464
The TC/PM2.5 mass ratios are given as auxiliary information to allow the recalculation of the 465 contributions to the TC shown in Fig. 5 to that to the PM2.5 mass. The mean WSOC/OC ratios in autumn showed a monotonically increasing tendency from the 473 city centre to the regional background. This is just opposite to the atmospheric WSOC (Kiss et al., 2002; Ion et al., 2005; Maenhaut et al., 2005 Maenhaut et al., , 2008 Viana 482 et al., 2006; Puxbaum et al., 2007; Salma et al., 2007) . It is noted that the determined OC (and 483 WSOC) concentrations are somewhat method dependent; their ratios can change sensitively 484 e.g. with the thermal protocol used in the OC/EC TOT analyser for samples containing large 485 amounts of refractory C (Kuhlbusch et al., 2009; Pantheliadis et al., 2015) . The highest OC/EC ratios indicate the conditions under which the SOA formation is the largest.
488
The ratio had a maximum in the regional background in summer, which can be associated with Finally, it is noted for completeness that the annual mean LVG/MAN ratios and SDs for the 496 regional background, suburban area and city centre were 13.9±5.9, 14.3±6.2 and 14.7±5.8, 497 respectively, and that ca. 40% of all available individual ratios were larger than the limit of 498 14.8 derived by Schmidl et al. (2008) . The latter value was obtained for the combustion of 499 common hardwood (beech and oak) and softwood species (spruce and larch) in domestic wood 500 stoves in Austria. This means for our samples and conditions, the relationship between the 501 softwood and hardwood burnt mentioned is not applicable because of several reasons, e.g. the 502 likely differences in fireplaces and fuel wood in Hungary and mid-European Alpine regions. Laboratory (Salma et al., 2017) and with the results for the regional background (Gelencsér et 509 al., 2007; Puxbaum et al., 2007) . The uncertainty of the individual apportioned data could be 510 larger than for the experimental results (e.g. TC) and, therefore, the substantial differences 511 among their means and their obvious tendencies are only interpreted.
513
The median concentrations of ECFF were similar to each other in autumn, spring and summer, 514 and exhibited a minimum in winter. In all seasons, its concentrations in the urban environments 515 tended to be larger by a factor of 2-3 than in the regional background. The OCFF concentrations 516 at the urban locations were similar to each other in all seasons, while they tended to be larger 517 than the regional values by a factor of 2-3 in autumn and summer. The ECBB and OCBB of OCBB in the city centre seemed to be somewhat smaller than in the suburban area, while the 520 latter was larger by a factor of 2-3 than in the regional background in autumn and spring. The Table 4 . Median atmospheric concentration of apportioned elemental carbon from fossil fuel 531 combustion (ECFF) and from biomass burning (ECBB), of apportioned organic carbon from fossil fuel 532 combustion (OCFF), from biomass burning (OCBB) and from biogenic sources (OCBIO) in µg m -3 for 533 regional background in the Carpathian Basin, suburban area and city centre of Budapest in different 534 VOCs or among organic precursors with rather different SOA yields can significantly enhance 543 or suppress, respectively the SOA production (Hoyle et al., 2011; McFiggans et al., 2019) .
544
Selected coefficients are shown in Table S4 in the Supplement for the annual data sets. <2 to 73% (24%) and from <2 to 72% (19%), respectively. The analogous daily data for 559 biogenic sources spanned from <2 up to 88% (52%), from <2 to 70% (35%) and from <2 to 560 67% (39%), respectively.
562
Their seasonal mean contributions in forms of EC and OC to the TC separately for the different 563 environmental types are shown as circle chart diagrams in Figure 5 . In autumn, the three major 564 source types contributed equally to the TC. In winter, it was the BB which was the major source 565 with a relative share of approximately 60% at all sites, and its contribution was the largest in 566 this season. The contributions of FF combustion in winter were similar to each other for all site 567 types with a typical share around 25%. The contributions of biogenic sources were the smallest 568 in this season, although they were still non-negligible. Their share showed an increasing 569 tendency from the regional background to the urban sites (from 5 to 8%), which could likely 570 be explained by larger temperatures (urban heat island) and less snow coverage in the city 571 centre (Sect. 3.1) than in its surroundings. In spring, FF combustion and biogenic sources were 572 the largest two contributors at all locations with typical shares of 45-50% each. The ECFF 573 showed the largest contributions in spring, which were increased monotonically in the order of with SDs to the PM2.5-fraction EC for 630 regional background in the Carpathian Basin, 631 suburban area and city centre of Budapest. 632
The corresponding median atmospheric 633 concentrations of the EC are given in 634 Table 2 . 635 Table 2 . 643 644 It can be seen in Fig. 7 that the contributions from FF combustion to OC were fairly constant 645 with a typical value of 25-35% and with an overall mean and SD of (30±8)% averaged for all 646 atmospheric environments and seasons. In spring, some possible elevation could occur.
647
Biomass burning was the major source of OC with a share of 67% in winter. Biogenic sources 648 prevailed (with a share of 65-75%) in summer and made up about half of the OC in spring.
649
The contributions from BB were hardly quantifiable in summer, while biogenic emissions were 650 still considerable in winter, particularly at the urban sites. In autumn, the three major source underestimation of FF combustion (see Fig. 3 in Salma et al., 2017) in the city centre (left lower 654 column in Fig. 7) due to possible atmospheric contamination by anthropogenic 14 C, which was 655 discussed in Sect. 3.2. It is mentioned that primary organic aerosol is not included in the model, 656 which could influence somewhat the overall contributions of the sources. The carbonaceous particles made up from 30 to 48% of the PM2.5 mass (as seasonal mean) 728 depending on the environment and season. It is the BB in winter that represents the largest 729 potential (with a mass share of >20%; Table S4 in the Supplement) for improving the air quality 730 both in cities and on rural areas of the basin. It is worth mentioning that all air pollution (smog) 731 alert episodes in Hungary were announced so far exclusively because of the PM10 mass limit 732 exceedances and they all happened in winter. Possibilities in controlling various forms of BB 733 for air quality improvements seem to be, therefore, rather relevant. In the present case for 734 instance, there were 3, 8 and 8 days, respectively (19 days in total) in the subset of 4×7 days in 735 the regional background, suburban area and city centre which daily mean values exceeded the 736 EU annual PM2.5 limit value of 25 µg m -3 . They all occurred in winter and autumn. If the BB 737 sources (i.e. OCBB and ECBB) had decreased by half of their actual concentrations then the 738 number of exceedance days would reduce to 2, 6 and 5, respectively (13 days in total), while a 739 perfect fuel gas aftertreatment of the BB as a sources would result in the number of exceedances 740 of 1, 4 and 5, respectively (10 days in total). In addition to carbonaceous particles, some adjunct 741 inorganic constituents are also generated and, more importantly, soil or mineral dust and fly 742 ash particles are also mobilised or blown up into the air due to the combustion or burning 743 process itselfs. These, on the one hand, can further and substantially enhance the overall mass 744 contributions and potentials of the high-temperature sources (including BB), and, on the other 745 hand, may change somewhat their relative contributions.
747
Fossil fuel combustion is an abundant source of PM mass (with a share of >20%; Table S4 in 748 the Supplement) only at urban sites in spring and summer. Resuspension or suspension of road 749 and surface dust by moving vehicles can again represent a substantial auxiliary increment for 750 FF contribution. Biogenic sources are normally considered as natural process or to be 751 dominated by natural processes, and, therefore and strictly speaking, they are not associated 
